The utricle provides critical information about spatiotemporal properties of head movement. It comprises multiple subdivisions whose functional roles are poorly understood. We previously identified four subdivisions in turtle utricle, based on hair bundle structure and mechanics, otoconial membrane structure and hair bundle coupling, and immunoreactivity to calcium-binding proteins. Here we ask whether these macular subdivisions are innervated by distinctive populations of afferents to help us understand the role each subdivision plays in signaling head movements. We quantified the morphology of 173 afferents and identified six afferent classes, which differ in structure and macular locus. Calyceal and dimorphic afferents innervate one striolar band. Bouton afferents innervate a second striolar band; they have elongated terminals and the thickest processes and axons of all bouton units. Bouton afferents in lateral (LES) and medial (MES) extrastriolae have small-diameter axons but differ in collecting area, bouton number, and hair cell contacts (LES ϾϾ MES). A fourth, distinctive population of bouton afferents supplies the juxtastriola. These results, combined with our earlier findings on utricular hair cells and the otoconial membrane, suggest the hypotheses that MES and calyceal afferents encode head movement direction with high spatial resolution and that MES afferents are well suited to signal three-dimensional head orientation and striolar afferents to signal head movement onset. hair cells; turtle; utricle; vestibular afferents THE VESTIBULAR LABYRINTH is poorly understood compared, for example, to the auditory periphery and the retina. This is especially true of the major otoconial organs, the utricle and saccule, which encode linear head accelerations, including head position in gravity space, and transmit this information to the CNS. One important question is how the sensory surface of otoconial organs is organized to transduce the full range of signals generated by head movement. There are two broad possibilities: 1) all regions are equipotential in their ability to encode temporal properties of head movement (e.g., different frequencies, accelerations) or 2) different regions of the macula play distinctive functional roles.
THE VESTIBULAR LABYRINTH is poorly understood compared, for example, to the auditory periphery and the retina. This is especially true of the major otoconial organs, the utricle and saccule, which encode linear head accelerations, including head position in gravity space, and transmit this information to the CNS. One important question is how the sensory surface of otoconial organs is organized to transduce the full range of signals generated by head movement. There are two broad possibilities: 1) all regions are equipotential in their ability to encode temporal properties of head movement (e.g., different frequencies, accelerations) or 2) different regions of the macula play distinctive functional roles.
Considerable evidence supports the second of these alternatives. The best-known example of regional specializations in otoconial maculae is the ubiquitous division between striola and extrastriola: the striolar region of vertebrate maculae differs from the extrastriola in the structure and molecular composition of the otoconial membrane (OM) (e.g., Goodyear et al. 1994; Lim 1979; Lindeman 1969; Werner 1933; reviewed in Fermin et al. 1998; Lewis et al. 1985) , which transmits the mechanical stimuli arising from head movements to receptors (hair cells), and in the structure and physiology of its hair cells (e.g., Baird 1994a Baird , 1994b Goodyear and Richardson 1992; Li et al. 2008; Schweizer et al. 2009; Weng and Correia 1999;  reviews in Eatock and Lysakowski 2006; Eatock and Songer 2011; Lewis et al. 1985; Platt 1983) and their postsynaptic primary afferents (e.g., Baird and Lewis 1986; Baird and Schuff 1994; Desai et al. 2005; Fernandez et al. 1990; Si et al. 2003 ; reviews in Eatock and Songer 2011; Lysakowski and Goldberg 2004) . For example, there are three broad classes of primary afferents in amniotes: all-calyx afferents (C units), which contact type I hair cells exclusively; bouton afferents (B units), which contact only type II hair cells; and dimorphic afferents (D units), which contact both hair cell types. In mammals, C units and B units are restricted to the striola and extrastriola, respectively (Fernandez et al. 1990) , and the physiological properties of D units differ significantly as a function of macular locus (striola vs. extrastriola; Goldberg et al. 1990b) .
There is also evidence for further macular differentiation beyond the striola: extrastriola dichotomy, including subdivisions within the striola (well documented in nonmammalian amniotes ; Jorgensen 1989; Si et al. 2003; Xue and Peterson 2006) , differences between the medial (MES) and lateral (LES) extrastriolae (Baird and Schuff 1994; Li et al. 2008; Rowe and Peterson 2006; Xue and Peterson 2006) , and a possible juxtastriolar region between the striola and the MES (Chang et al. 1992; Baird and Schuff 1994; Fernandez et al. 1990; Goldberg et al. 1990b; Saidel and Crowder 1997) . Thus the available data indicate that otoconial maculae may comprise multiple regions with distinctive properties. We need to characterize these macular regions in order to understand how they encode information about head movement and transmit it to the CNS. In support of this goal, the present study sought to identify and characterize regional differences in the morphology of primary afferents innervating the utricular macula of a turtle.
We focused on turtle utricle for two reasons. First, the utricle is generally considered to be a dedicated vestibular organ (but see Zhu et al. 2014) ; other otoconial organs such as the saccule and lagena may also function in hearing and seismic detection (Narins and Lewis 1984) , which can complicate functional interpretations. Second, more is known about the structure (Moravec and Peterson 2004; Rowe and Peterson 2006; Severinsen et al. 2003; Xue et al. 2007; Peterson 2003, 2006) , physiology (Meyer and Eatock 2011) , and mechanical properties (Davis et al. 2007 ; Davis and Grant 2014; Dunlap et al. 2012; Dunlap and Grant 2014; Nam et al. 2005 Nam et al. , 2006 Nam et al. , 2007a Nam et al. , 2007b Silber et al. 2004; of hair bundles and the OM in turtle utricle than in any other species. These data have revealed four structurally and mechanically distinct macular zones (Fig. 1A) . Zone 1 corresponds to the LES, and Zone 4 corresponds to the MES. These two extrastriolar zones have similarly compliant hair bundles ), but they differ significantly in the structure of their hair bundles (Rowe and Peterson 2006; Severinsen et al. 2003; Xue and Peterson 2006) and overlying OMs (Davis et al. 2007; Xue et al. 2007; Xue and Peterson 2003) . The remaining two zones constitute the striola. Zone 2 is a band of type II hair cells with structurally distinct hair bundles (Rowe and Peterson 2006; Xue and Peterson 2006) that are the stiffest in the macula . Zone 3 is a band of type I hair cells with their postsynaptic calyces and a small number of intercalated type II hair cells ; thus, in turtle utricle, type I hair cells and calyx-bearing afferents are restricted to Zone 3. The type I hair cells have significantly more stereocilia than all other macular hair cells (Moravec and Peterson 2004) .
These differences in structure and mechanics suggest that macular zones in turtle utricle will play different roles in encoding head movement. They also raise the question of whether distinctive populations of afferents may innervate the four macular zones. Such distinctive afferent populations would be important because they could contribute to the specialized signaling capabilities of different macular loci. Here we test this hypothesis: we use morphological approaches to ask whether distinct afferent populations transmit signals from structurally and mechanically distinct subdivisions of the utricular macula.
MATERIALS AND METHODS
Twenty-six juvenile turtles, Trachemys (Pseudemys) scripta elegans, of both sexes (3.5-to 5.75-in. carapace length; Kons Scientific, Germantown, WI) provided useful data for reconstruction. The animals were kept in 100-gallon Rubbermaid stock tanks with homemade Plexiglas resting platforms. Room and basking lights (spot light 12-15 in. above resting platform) were on a 12:12-h on-off light cycle. Room temperature was kept at 85-88°F, which kept the water temperature at 77°F. The animals were fed daily with Wardley Reptile Ten-Total Essential Nutrition food sticks (That Fish Place, Lancaster, PA). All experiments were conducted on the utricle and the anterior branch of the VIIIth nerve. In earlier experiments animals were killed via an overdose of Brevital (0.4 -0.6 ml im; followed by decapitation). In subsequent experiments animals were killed via an overdose of Euthasol (390 mg pentobarbital sodium and 50 mg phenytoin sodium per ml; 0.5-0.8 ml im). Six additional experiments were conducted in conjunction with a separate physiology study; these animals were killed by decapitation. All experiments followed protocols reviewed and approved by the Ohio University Animal Care and Use Committee.
Terminology
In this paper, the term "unit" refers to a utricular primary afferent. C units are all-calyx afferents; D units are dimorphic afferents; B units are bouton afferents. The term "CD units" refers, collectively, to C units and D units combined, i.e., all calyx-bearing units. "Terminal" refers to all the endings of an afferent within the macular epithelium, i.e., all the endings arising from a single parent axon. These endings can bear calyces (C units), boutons (B units), or both (D units). The term "calyx" refers to a single cup. Calyx endings on CD units and afferent terminals (present results); we refer to this region as the medial extrastriola (MES). Finally, we identified an ϳ150-m-wide band medial to striolar Zone 3 where afferent structure differs significantly from that in the rest of Zone 4: the juxtastriola. B: terminal location. To assign each reconstructed terminal a standardized location in x-y space, we anchored a radial grid on a transect line (solid black line) that runs from the posterior margin of the anterior nerve (anterior division CN8) to a point midway between the anterior and horizontal canal nerves. We used this radial grid to assign each terminal a radial location, where negative and positive angles are anterior and posterior to the transect line, respectively. The figure shows example radial lines (for Ϯ10°). Distance along each radial line was expressed as a % distance along the transect, where 1.0 represents the medial margin of the calyx band (Zone 3; gray profile). It is readily visible with differential interference contrast (DIC) optics and therefore serves as a consistent starting point for radial distance measurements. Because the macula is ϳ1 mm mediolaterally, tick marks along the transect are ϳ100 m apart.
In the example shown, the terminal is roughly 10°posterior to the transect line and 300 m from the medial margin of the striola (% distance ϭ 0.7).
terminate as simple (1 calyx) or complex (2 or more calyces) calyces. Spines are very fine processes that emerge from the apical half of calyces and terminate, often as small swellings, near the apical surface of the macula.
Tissue Processing
Peroxidase labeling. For labeling of utricular primary afferents, we killed turtles by one of the methods described above and removed lower jaw and neck viscera to expose the right VIIIth cranial nerve (CNVIII) for injection. We secured the preparation with Impregum F impression material (3M ESPE, no. 31710) and supported CNVIII with agarose gel (4% low melt) and oxygenated the tissue with turtle Ringer solution (95% O 2 -5% CO 2 ). We made small (10-to 20-m tip electrode) injections of biotinylated dextran amine (BDA), 3,000 (Molecular Probes, D7135) or 10,000 (Molecular Probes, D1956) molecular weight, into the anterior branch of CNVIII (positive current, 50% duty cycle, 1-3 A for 35-45 min). After tracer delivery, we incubated the tissue in iced, bubbling oxygenated turtle Ringer solution for 5-7 h and then fixed the tissue by immersion in 10% buffered formalin phosphate (Fisher, SF100-4) for 12 h at 4°C. After initial fixation, we removed the utricle and attached nerve from the whole head, cut away the membranous labyrinth overlying the utricle to improve reagent access to the tissue, and used a fine stream of bath solution to separate the OM from the underlying neuroepithelium. The resulting macular preparation was fixed in 10% buffered formalin phosphate for an additional 6 -7 h (room temperature, with rotation). After a rinse in phosphate buffer (PB, 0.1 M; 16 -18 h; 4°C, with rotation), we visualized the BDA by rinsing the tissue in 0.1 M PB (4 ϫ 10 min); defatted in alcohol (10 min each at 50%, 70%, 95%, 100% EtOH, followed by 3 min each at 100%, 95%, 70%, 50% EtOH); blocked endogenous peroxidase [44.5 ml distilled H 2 O (dH 2 O) 0.5 ml 30% H 2 O 2 , 5 ml methanol; 20 min]; visualized the BDA with an ABC kit (Vector Laboratories, Vectastain PK-6100) as follows: wash 3 ϫ 10 min each in 0.1 M PB, incubate 24 -48 h in ABC solution at 4°C, rinse 6 ϫ 5 min each in 0.1 M PB, incubate for 15 min in cobalt-enhanced diaminobenzidine tetrahydrochloride (DAB; 10-mg tablet dissolved in 10 ml dH 2 O plus 10 ml 0.2 M PB; Sigma, D5905-50); and visualized the DAB by incubating the maculae for Յ4 min with DAB plus H 2 O 2 (0.05%), followed by three rinses with 1 M PB, 5 min each. After the ABC reaction, we trimmed the macula with attached nerve, dehydrated it with EtOH (15 min each at 50%, 70%, 80%, 90%, 2 ϫ 30 min each at 95% and 100%), cleared it with xylene (3 ϫ 1 h each), and mounted it under a coverslip with Permount.
In three additional cases, we labeled all afferent terminals in the maculae with an antibody against ␤-III tubulin (Covance, PRB-435P), followed by a biotinylated secondary antibody (Invitrogen, B2770), and we visualized the labeled terminals via a peroxidase reaction as described above. We used these cases to assess calyx complexity in CD units.
Fluorescence labeling. We used utricular whole mounts labeled with fluorescent probes to address two questions raised by our BDA material: Do spines contact type I and type II hair cells? And how many hair cells, on average, are contacted by different afferent types?
Examination of BDA-labeled afferents revealed that some calyces emit very fine processes that terminate, often as small swellings, near the apical surface of the epithelium; we call these processes spines because of their resemblance to the well-known spines on CNS neurons (Harris 1999) . To further investigate these spines, we labeled five utricles with a cocktail of primary antibodies against the calciumbinding proteins (CBPs) calretinin (CR; Swant, 6B3) and calbindin (CB; Swant, CB38a), followed by the appropriate anti-mouse and anti-rabbit secondary antibodies (Invitrogen, A11029 and A21071). This double labeling procedure maximizes the number of strongly labeled calyces, which facilitates visualization of spines in fluorescence material, and it labels most type II hair cells in Zone 3, which enabled us to estimate the fraction of spine terminations on type II hair cells. We examined fluorescence material with a Zeiss 510 laser scanning confocal microscope.
To estimate the number of hair cells contacted by different afferent types, we labeled two maculae with phalloidin (Invitrogen, A12379), which identifies hair cells by labeling the actin in their hair bundles, and we processed one of these maculae as for the BDA-labeled afferents (to equate shrinkage with that in dehydrated materials used to measure afferent terminal collecting areas). We created a montage of the central transect (Fig. 1B) using overlapping confocal stacks (stacks collected with a Zeiss ϫ100 alpha-Fluar objective, NA 1.45). This transect was 100 m wide and extended from medial to lateral margins of the macula (i.e., it included Zones 1-4). We used this material to estimate the number of hair cells within the median collecting area of afferents in each macular zone (see Number of hair cells contacted by afferents at different macular loci below).
Data Analysis
Identification and reconstruction of afferents. We reconstructed the BDA-labeled terminals of 173 utricular afferents that were densely filled and well isolated: 43 C units, 25 D units, and 105 B units (Fig. 2) . We scored each afferent as a C unit, D unit, or B unit on the basis of its terminal structure. All terminals with calyces and one or more boutonlike processes were scored as D units; for five D units (20%), the only boutonlike process was a spine. As in turtle posterior canal (Brichta and Peterson 1994) , D units are much less numerous than C units, and a special effort was needed to collect enough D unit terminals for statistical analysis.
We scored the macular location of each afferent as follows. We created a mapping image of each macula with Axiovision (Zeiss), and we scored each well-filled and isolated afferent terminal by type (bouton, calyx, dimorph) and by location (Zones 1-4; Fig. 1A ). Then we assigned each unit a position on a radial grid, which was anchored along a transect from the posterior margin of the utricular nerve to the midpoint between the outer edges of the nerves to anterior and horizontal canals (at the lateral edge of the epithelium; Fig. 1B ). We assigned each unit a radial position (angle relative to the transect), where 0 ϭ transect and negative and positive angles indicate radial positions toward the anterior and posterior ends of utricle, respectively. The unit was also assigned a percent distance along its radial line, from the anchor point to the medial edge of the calyx band [Zone 3; identifiable with differential interference contrast (DIC) optics and because injections labeled multiple CD units in all experiments], where 100% ϭ medial margin of calyx band, Ͻ100% ϭ more medial locations, and Ͼ100% ϭ more lateral locations (Fig. 1B) .
Finally, we reconstructed afferent terminals in three dimensions and quantified their morphology with Neurolucida computerized morphometry software (MicroBrightField, Williston, VT) coupled to a Zeiss Axioplan microscope. We reconstructed terminals with a Zeiss ϫ100 oil immersion objective (NA 1.45) and reconstructed their axons a with a Zeiss ϫ63 Immersol objective (NA 1.2). We followed afferent axons to their somata, or as far centrally as possible. Table 1 lists the measures recorded or calculated for each afferent terminal and used in our analysis. All measures were normalized to the average macular area of the 26 utricles used in this study. We conducted exploratory and inferential statistical analyses with Sϩ (version 8.2; Tibco Spotfire), and we compared differences between afferent groups with t1way and lincon (robust analogs of 1-way ANOVA and multiple comparisons, respectively; Wilcox 2005; see discussion in Xue and Peterson 2006) . Additional statistical tests are described in RESULTS.
Number of hair cells contacted by afferents at different macular loci. We followed earlier authors in calculating the number of hair cells contacted by individual afferents by comparing hair cell density and afferent collecting area at the same macular locus (e.g., Fernandez et al. 1990 ). First, we used Neurolucida to map the location of all hair cells in a central transect (Fig. 1B ) through one phalloidin-labeled macula. Next we divided this transect into bins (100 m wide, i.e., the width of the confocal image, and 25 m tall, i.e., along the mediolateral axis), and we counted the number of hair cells in each bin. Then we assigned each bin to a macular zone; we were able to determine zone boundaries by their distance from the line of hair cell polarity reversal (LPR; visible in this phalloidin-labeled material as changes in the orientation of the cuticular plate notch that marks the location of the kinocilium) and from changes in hair bundle arrays, because bundles in each zone have a characteristic array structure (Moravec and Peterson 2004; Rowe and Peterson 2006) . In this way we were able to estimate hair cell density in each macular zone (see Fig. 11 ). To relate these hair cell densities to dimensions in the BDA material used to reconstruct terminals, we dehydrated and cleared additional phalloidin-labeled maculae. This processing severely compromised the phalloidin label, but in one macula we were able to count hair cells across most of the transect. We calculated a shrinkage factor by comparing hair cell densities in dehydrated and undehydrated maculae at comparable locations (3 samples in each macula), and we applied this shrinkage factor when calculating the approximate number of hair cells within the collecting areas of afferents supplying each macular subdivision (see Table 7 ).
Spines. To determine spine frequency, we counted calyces and spine terminals in four utricles (4 turtles), using macular regions where BDA label of calyces was especially dense because such dense label optimizes visualization of spines. We used these counts to estimate the percentage of calyces that bear spines. We analyzed each utricle twice and averaged the results.
To help identify the cells contacted by spines, we used confocal scans of three maculae (3 turtles) that had been labeled with the CR ϩ CB cocktail described above, because this double label facilitates visualization of spines and also labels many hair cells in Zone 3. We scored each spine based on whether it contacted a calyx, a type I hair cell, a type II hair cell, or something else (i.e., either made no contact or contacted an unstained profile; these categories could not be distinguished in our fluorescent material, so they were combined into one group).
RESULTS

Calyx-Bearing Units
In juvenile turtle utricle, all C and D units (collectively, CD units) are restricted to a subdivision of the striola that we call Zone 3 ( Fig. 1A ; Moravec and Peterson 2004; Rowe and Peterson 2006; Xue and Peterson 2006) . They form a crescentshaped band, which is 75-100 m wide; it is innervated by ϳ120 -160 CD units that bear ϳ270 -350 calyces (Table 2) .
Terminal structure. Within this band, we observed CD units with one to five calyces (Table 2 ). Figure 3A illustrates calyx complexity for one case in which all calyces were labeled with ␤-III tubulin. Each open circle represents a calyx (cup); colored profiles around one or more calyces demarcate all calyces arising from a single parent axon. Profiles are colored according to the number of calyces in the unit. The calyces on most CD units form a tight cluster; with rare exceptions (Fig. 3A) , terminals do not span the width of Zone 3 or extend longitudinally along the striola. Thus the calyces associated with each Because of the high terminal density in the ␤-III-labeled whole mounts we used to count calyces, we were unable to distinguish between C and D units with confidence, but analysis of individually reconstructed, BDA-labeled afferents reveals differences in the calyx-bearing endings of C and D units (Fig. 3B, Fig. 4, Fig. 5 ). Most C units (77%) bear two or three calyces (range 1-5), whereas most terminals on D units (52%) are simple (Fig. 5) . Thus C and D units differ significantly in the average number of type I hair cells they contact (2.7 for C units vs. 1.7 for D units; Mann-Whitney U ϭ 245.5, P Ͻ 0.001) and in the distributions of calyx complexity ( Fig. 5 ; Kolmogorov-Smirnov test, P Ͻ 0.005).
There are also significant differences between C and D units in number of nodes (P Ͻ 0.001), number of ends (P Ͻ 0.005), total process length (P Ͻ 0.001), and two-dimensional collecting area (P Ͻ 0.001) (D Ͼ C in all cases; Table 3 ) because D unit terminals bear bouton clusters as well as calyces. However, these bouton clusters are small, with 1-22 boutons (Fig.   3B ). Most (72%) have 1-5 boutons; only three (12% of total D units) have Ͼ10 boutons (Fig. 3B) . Thus most D units, like C units, collect signals from a restricted region of Zone 3.
Spines. We occasionally observed one or two fine, short processes emerging from the upper half of a calyx and extending toward the apical surface of the epithelium; often these processes end in a tiny swelling (Fig. 6 ). Such small spines can be detected most reliably in tissue with very dense BDAperoxidase label. In four cases with patches of strongly labeled CD units, we determined that slightly less than 10% of calyces bear spines (Table 4) . Some spines appeared to contact the necks of type I hair cells (identified by their labeled calyces; Fig. 6 ), above the calyx (compare Fig. 6, A and B) , but in BDA material it was impossible to determine whether the spines contacted type II hair cells because their somata are not labeled. To estimate the relative frequency of type I and type II hair cells contacted by spines, we labeled utricular whole mounts with a cocktail of two CBPs, CR and CB (see MATE-RIALS AND METHODS). We found that approximately one-third of the spines contacted type I hair cells and the remaining two- Table 2 ). Colored profiles surrounding 1 or more circles demarcate all calyces arising from a single afferent; colors indicate the number of calyces arising from that afferent (1-5; see key). Note that units supply a restricted region of the striola; they do not extend longitudinally along the striola or, with rare exceptions (*), span the mediolateral width of the striola. B: reconstructed CD units: approximate locations of the 25 D units (blue) and 43 C units (red) reconstructed in this study. Note that most D units, like C units, have restricted collecting areas. Asterisks mark 3 exceptions; these are the only D units with Ͼ10 boutons.
thirds contacted type II hair cells (Table 5) . Spines did not appear to contact afferents or supporting cells. Since the number of type II hair cells in Zone 3 is small relative to the number of type I hair cells, the density of spine contacts on type II hair cells is high relative to those on type I hair cells.
Bouton Units
All remaining subdivisions of the turtle macula (Zones 1, 2, and 4) are innervated by B units exclusively, but there are striking differences in their terminals. Furthermore, afferent terminals just medial to the calyx band differ sufficiently from those in the remainder of Zone 4 that they define a previously unsuspected band, which we call the juxtastriola. Figure 7 shows examples of different B unit types at their approximate locations on a schematic macula. In the LES (Zone 1), B unit terminals have large collecting areas with numerous fine processes and small boutons, giving them a characteristic "lacy" appearance (Fig. 7, Fig. 8A, Fig. 9 ). In striolar Zone 2, terminals have thick processes and relatively large boutons (Fig. 7, Fig. 8B, Fig. 9 ); terminal field shape is generally narrow and elongated parallel to the striola. Medial to the calyx band (i.e., in Zone 4), the macula can be further subdivided on the basis of terminal structure. Within 150 m of the calyx band, terminals have coarse processes and collecting areas comparable in size to those in striolar Zone 2 but typically rounded rather than elongated (Fig. 7, Fig. 8C, Fig.  9 ). The remainder of Zone 4 is supplied by afferents with very small collecting areas, which are often radially elongated (Fig.  7, Fig. 8D, Fig. 9 ). To reflect these afferent differences in Zone 4, we refer to the two macular subdivisions as the juxtastriola and the MES, respectively. Table 6 summarizes morphological differences between B units in the four macular subdivisions.
Axon diameter. Axon diameters of bouton units vary as a function of macular location (Fig. 10) . LES and MES axon diameters are comparable, but both are smaller than B unit axons in striolar Zone 2 (P Ͻ 0.001). Juxtastriolar axons are intermediate (comparable to LES axons but larger than axons in the MES; P Ͻ 0.001). For comparison, Fig. 10 also shows axon diameters for C and D units. They do not differ from each other, but both have larger axon diameters than B units (P Ͻ 0.005), except for B units in striolar Zone 2, where axon diameters are comparable to those of D units. Tables 3 and 6 summarize axon diameters for CD and B units, respectively.
Hair cell-to afferent-convergence. There are significant zonal differences in the collecting areas of bouton afferents (Fig. 9) . Median collecting areas are largest in the LES and smallest in the MES; afferents in striolar Zone 2 and the juxtastriola have similar, intermediate collecting areas. For comparison, the collecting areas of dimorphic afferents are also shown in Fig. 9 . They are significantly smaller than those of the smallest bouton afferents (MES: P Ͻ 0.05). The collecting areas of C units (not shown) are consistently small (Table 3) .
In parallel with this lateral-to-medial decrease in collecting area there is a lateral-to-medial decrease in hair cell density in regions supplied by bouton afferents (LES, Zone 2, juxtastriola, LES; Fig. 11 , Table 7 ). As a result, there are striking regional differences in the number of hair cells per afferent (i.e., number of hair cells within an afferent's collecting area): from Ͼ80 hair cells per afferent in the LES to ϳ5 hair cells per afferent in the MES (Table 7 ). Table 7 also shows the median number of boutons per afferent type and an estimate of the number of bouton contacts made by an afferent onto each hair cell within its collecting area. An MES afferent makes an estimated 2.2 contacts on each hair cell in its collecting area, whereas the number of contacts in other macular zones ranges from 0.43 to 0.7.
DISCUSSION
In this study, we quantified the terminal structure of turtle utricular afferents and estimated hair cell-to-afferent convergence. We find that distinct populations of afferents supply the macular subdivisions we previously identified on the basis of hair bundle structure (Rowe and Peterson 2006; Xue and Peterson 2006) and mechanics , OM structure (Davis et al. 2007; Xue and Peterson 2003) , OM-bundle coupling ), immunoreactivity to CBPs (Miller et al. 2009 ), and hair cell physiology (Meyer and Eatock 2011) .
Methodological Issues in Afferent Morphology
Afferent axons form a tight bundle as they enter the macula so that it can be difficult to follow individual labeled axons past this point, even if their terminals are well separated in the neuroepithelium. We were able to follow ϳ25% of the 173 reconstructed afferents (43/173) back to their somata with confidence. One potential concern is that bouton terminals might belong to efferent neurons rather than afferents. We believe this is not likely for three reasons. First, we followed ϳ25% of bouton terminals (26/105) back to their somata, including 17-40% of our sample from each of the four subdivisions innervated by B units (LES, striolar Zone 2, juxtastriola, MES). These undoubted afferents provide characteristic terminals to each subdivision. Second, considerable evidence suggests that efferent terminals have a distinctive structure, showing examples of spines that arise from BDA-peroxidase-labeled calyces and terminate near the apical surface of the macula. The 3 images in each series (A1-A3, B1-B3) show 3 focal planes from most apical (1) to most basal (3); vertical steps between images are 3-10 m. A1: 2 spines arise from a labeled calyx and terminate near the apical surface of the epithelium (arrow); under DIC optics they appear to contact the necks of unlabeled hair cells. A2: a third spine arises from the neck of a labeled calyx (arrow); the base of this calyx is visible in A3. B1: a spine with a relatively large terminal swelling (arrow) terminates just above the neck of a calyx (double arrowhead). B2: the same contact seen slightly deeper in the epithelium; the body of the calyx (double arrowhead) is clearer than in B1. B3: base of the same calyx. Such images suggest that spines terminate near the apices of type I hair cells.
with widely branching, fine processes studded with numerous, tiny varicosities (gerbil: Purcell and Perachio 1997; pigeon: Si et al. 2003; review: Lysakowski and Goldberg 2004) . B unit terminals supplying turtle utricle clearly have different structures (Fig. 7, Fig. 8 ), and they are restricted to one macular subdivision. Third, we occasionally observed labeled terminals with characteristic efferent morphology, including numerous branches that covered most of the macula. In one case, we reconstructed two branches of one terminal. These two branches alone had a normalized terminal area of Ͼ470,000 m 2 with 458 boutons. Terminals in the LES, which have the most efferent-like terminals, have median collecting areas more than two orders of magnitude smaller (3,977.9 m 2 ) with a median of 37.5 boutons (Table 6) .
Zone assignment is a potential source of error. Each of the macular subdivisions has a distinctive bundle structure ( . These distances, as well as subdivision boundaries themselves, are not precise. Thus it is possible that some terminals were misassigned. The most likely error is between striolar Zone 2 and adjacent LES (Zone 1) afferents; similarly, the boundary between the MES and the juxtastriola is not clearly defined. These uncertainties about zone assignment would tend to obscure differences between macular subdivisions, and it is thus noteworthy that many morphological differences between terminals in each region are still statistically significant.
Six Classes of Utricular Afferents Have Distinctive Morphologies and Macular Locations
We have identified six afferent classes on the basis of their terminal structure and macular terminations. Three of these correspond to the previously documented types in amniote utricles: C units, D units, and B units (Fernandez et al. 1990; Si et al. 2003; reviews: Goldberg 2000; Goldberg et al. 2012; Lysakowski and Goldberg 2004) . In addition, we find that B unit terminals differ significantly depending on macular locus.
CD units. CD units are found exclusively in a narrow band within the striola, which we call Zone 3 (Moravec and Peterson 2004; Rowe and Peterson 2006; Xue and Peterson 2006) . The most striking difference between C and D units was in calyx complexity. Over half the calyces on D units are simple. In contrast, simple calyces on C units are rare (7%); most are complex, contacting two to five hair cells (Fig. 5) .
We were surprised to find that some (ϳ10%) of calyces extended fine spines toward the apical surface of the epithelium (Fig. 6 ). These tiny processes are easiest to see in densely labeled peroxidase material. We based our counts on four such densely labeled patches of utricular epithelium, but we suspect that 10% is an underestimate of spine frequency. Some spines Values are medians, 95% confidence intervals of median (Zar 1999) , and range for morphological properties of C and D units. All measures of size are normalized. For C and D units, n ϭ 43 and n ϭ 25, respectively. na, Not applicable. Values are numbers and % of calyces that bear spines in heavily biotinylated dextran amine (BDA)-labeled regions of the macula in 4 utricles (4 turtles). appear to contact the necks of type I hair cells where the necks extend above the calyx (e.g., Fig. 6B ), but we cannot exclude the possibility that some contacts are made with the upper margin of the calyx, especially if it is lightly labeled in our BDA or fluorescence material. Ultrastructural data will be necessary to resolve this and to determine whether, in fact, the spines form synaptic contacts. Interestingly, spines appear to contact hair cells well above the basolateral region where synaptic ribbons are found (Lysakowski and Goldberg 2008; Wersäll 1954; review: Eatock and Lysakowski 2006) . Preliminary data using an antibody against CtBP2 as a synaptic ribbon marker suggest that at least some spine-hair cell contacts involve no synaptic ribbons (Peterson EH, unpublished observation). Ultrastructural analyses of rat utricular maculae have reported spinelike processes from calyces that make nonribbon synapses on neighboring hair cells (Ross 1997) . These nonribbon synapses add to the growing body of evidence [e.g., basolateral processes on type II hair cells (Pujol et al. 2014 ) and the well-known ribbon contacts of type II hair cells onto the outer face of calyces (Lysakowski and Goldberg 2004) ] that circuitry in the vestibular periphery may be more complex than previously supposed (e.g., Ross 1997) . Fine processes terminating near the apical surface of the utricular macula have been reported in pigeon (Si et al. 2003) . Spinelike contacts between hair cells and afferents have also been reported in amphibian papilla (Graydon et al. 2014) .
B units. B units innervate the entire utricular macula outside striolar Zone 3. They comprise four morphologically distinct subpopulations, which supply distinct macular loci. B units supplying the LES (Zone 1) have small-diameter axons (Fig.  10) , and distinctive "lacy" terminals (Fig. 7, Fig. 8) , with fine processes, numerous boutons, and the largest collecting areas of any afferent type (Fig. 9) . In striolar Zone 2, B unit terminals are elongated parallel to the striola (Fig. 7, Fig. 8 ) with thick processes, often resembling claws. Axon diameters are larger than those of other B units, comparable to those of dimorphs (Fig. 10) . Medial to the calyx band (Zone 4), two populations of B units supply the macula. In most of this region (the MES) collecting areas (Fig. 9 ) and axon diameters (Fig. 10) are smaller than those of any other B units, but near the calyx band terminal processes are noticeably thicker than those in the MES (Fig. 7) and both collecting areas (Fig. 9 ) and axon diameters (Fig. 10) are significantly larger. In recognition of these structural differences, we assign this region of Zone 4 its own name, the juxtastriola.
Hair Cell-to-Afferent Convergence Varies with Macular Locus
In addition to their structural differences, B units also differ in estimated connectivity with their presynaptic hair cells. As noted previously (Rowe and Peterson 2006) , hair cell density declines from lateral to medial across the macula ( Fig. 11 ; Table 7 ); this trend is interrupted by a slight density decrease in the calyx band (Zone 3; Fig. 11 ) as reported in turtle (Rowe and Peterson 2006; Severinsen et al. 2003) and rodent (Desai et al. 2005) utricle. Collecting areas also decrease from lateral to medial (Table 7) . Thus there is a lateral-to-medial gradient in the number of hair cells potentially contacted by each afferent, from Ͼ80 in the LES to Ͻ10 in the MES (Table 7) . Using the median number of boutons per afferent (Table 7) , we calculate that MES afferents make over three times more bouton contacts on each presynaptic hair cell than B units in other regions of the macula (Table 7) .
Relation to Previous Work on Utricular Afferents
Utricular afferent terminal morphology has been quantified in chinchilla (Fernandez et al. 1990; Goldberg et al. 1990b ), Fig. 7 . Reconstructed B units. Examples of reconstructed B units shown at their approximate location on the same schematic macula depicted in Fig. 2 . Afferents supplying striolar Zone 2 are shown in red. Dashed line is line of hair cell polarity reversal. Note that in Zone 4 terminals adjacent to the calyx band (juxtastriola) have larger collecting areas and thicker processes than more medial terminals (MES). Some LES terminals appear to extend beyond the macular epithelium because they come from maculae with slightly different boundaries than that shown here.
bullfrog (Baird and Schuff 1994) , pigeon (Si et al. 2003) , and turtle (present results). One striking difference between these species is in the presence and distribution of calyces. They are absent in bullfrog (Baird and Schuff 1994) , confined to one or two striolar bands in turtle (Jorgensen 1974 (Jorgensen , 1988 and birds (Jorgensen 1989; Jorgensen and Anderson 1973; Rosenhall 1970; Si et al. 2003) , or found throughout the macula in chinchilla and other mammals (Fernandez et al. 1990; Goldberg et al. 1990b; Lindeman 1969) . The significance of these differences is not known. A second striking difference is the complex striolar lamination seen in bullfrog (Baird 1994a (Baird , 1994b , turtles (Jorgensen 1974 (Jorgensen , 1988 Miller et al. 2009; Moravec and Peterson 2004; Xue and Peterson 2006; present results) , and birds (Jorgensen 1989; Jorgensen and Anderson 1973; Rosenhall 1970; Si et al. 2003) but apparently absent in mammals (Desai et al. 2005; Fernandez et al. 1990; Goldberg et al. 1990b; Leonard and Kevetter 2002; Li et al. 2008; Lindeman 1969; Simmons et al. 2010) . The clearest similarities between these species are the tendencies for the striola to be supplied by large-diameter afferents and for striolar hair cells to have significantly lower KS ratios (the ratio between the height of the kinocilium and the tallest stereocilia; Xue and Peterson 2006) , features that they share with fish (review: Platt 1983) .
Detailed comparison of afferent terminal structure in species for which data exist is problematic because of differences in methodologies used to collect and analyze structural data, but some generalizations are possible. C units are restricted to the striola in all three species; they are least complex in mammals, most complex in pigeon, and intermediate in turtle. For example, in mammals roughly half of C units are simple and they rarely contact more than three type I hair cells (Desai et al. 2005; Fernandez et al. 1990 ). In contrast, C units in pigeon are Units supplying the LES (A) tend to have extensive terminals with fine processes and numerous small boutons, giving them a characteristic "lacy" appearance. B unit terminals in striolar Zone 2 (B) are generally elongated parallel to the striola except at its anterior and posterior ends, where these terminals can be round. In Zone 4 (C and D), bouton terminals adjacent to the calyx band (C, juxtastriola) have significantly larger axons and collecting areas than more medial B units (D). Because of this marked difference in afferent structure, we recognize a juxtastriolar band (C) that is distinct from the MES (D). never simple; they contact 2-15 type I hair cells (mean 7.1; Si et al. 2003) . C units in turtle contact one to five hair cells (median: 3) in our material. Severinsen et al. (2003) report that turtle utricular calyces can contact up to eight hair cells but that two to four is most common. Finally, calyx clusters on C units are significantly more complex than those on D units in pigeon (Table 2 in Si et al. 2003) and turtle (present results, Fig. 5 ) but not in chinchilla (Table 1 in Fernandez et al. 1990 ). The role of calyx complexity is not known, but one effect of increasing complexity will be to average the directional preferences of their presynaptic hair cells. The excitation axes of closely adjacent hair cells can vary 20 -40° (Rowe and Peterson 2006) , so averaging signals from these hair cells will reduce the noise in head direction signaling. B units in turtle are strikingly similar to those in bullfrog (Baird and Schuff 1994) , including a cotillus (the region medial to the striola) dominated by afferents with small collecting areas (their Fig. 7 ) except for those adjacent to the striola (their Fig. 8) . B units in pigeon also differ structurally with macular locus, but MES collecting areas are not especially small as they are in frog and turtle. B units in chinchilla have large collecting areas and are restricted to the macular periphery, but bouton sprays on dimorphs, which supply the entire chinchilla macula, show significant striola-to-periphery increases in terminal field diameter and bouton number ( Table 2 in Fernandez et al. 1990 ). Thus bouton terminal structure on B and D units depends on macular locus in all species studied, but very small MES terminals are restricted to bullfrog and turtle.
Organization of the Macula
Our results on utricular afferents add to growing evidence that vertebrate maculae are composed of distinct subdivisions, which differ from each other in structure, mechanics, immunoreactivity, and physiology. Such differences make it likely Values are median, 95% confidence intervals of median (Zar 1999) , and range for morphological properties of B units in 4 macular subdivisions; n ϭ 105. All measures of size are normalized. LES, lateral extrastriola; MES, medial extrastriola. that macular subdivisions play different behavioral roles. These roles have not been established, but together the macular subdivisions must encode 1) head movement direction, including head orientation in gravity space, and 2) a range of temporal characteristics, from tonic head postures to head transients with a frequency content that can reach 50 Hz (squirrel monkey: Armand and Minor 2001; turtle: Rivera et al. 2012) . Finally, relaying these spatiotemporal properties of head movement to the CNS must occur with accuracy and speed sufficient to trigger appropriate postural, visual, and vegetative compensatory reflexes and to continually update the moving animal's subjective sense of its orientation in space. The available data suggest hypotheses about the way some macular subdivisions might contribute to this task. Extrastriola. It is clear that the MES and the LES are not simple mirror images of each other, differing only in hair cell polarity. In turtle hair bundles in both regions have large KS ratios, suggesting that both will have wide operating ranges (see discussion in ), but other bundle features and hair cell density differ in the two regions (Rowe and Peterson 2006; Severinsen et al. 2003; Xue and Peterson 2006 ; present results; also in mice: Li et al. 2008) , as does afferent morphology (present results; also in bullfrog: Baird and Schuff 1994) , and in the structure of the OM and the coupling between hair bundles and the OM (Davis et al. 2007; Xue et al. 2007; Xue and Peterson 2003) . The functional role of the LES is unclear, but several lines of evidence suggest that turtle MES may be well suited to providing an ongoing readout of head orientation in gravity space. The otoconial layer over the MES is very thick (Davis et al. 2007; Xue and Peterson 2003) , and the long kinocilia of MES hair cells are tightly tethered to it ). This coupling, and their large operating range (Meyer and Eatock 2011; , mean that MES hair cells will closely track the otoconial layer during a wide range of head tilts. MES hair cells either do not adapt or adapt slowly (Meyer and Eatock 2011) , and their signals are relayed to the CNS by small-diameter (and presumably slowly conducting) axons (present results), features that are suitable for monitoring tonic or slowly changing head position. Finally, the very small collecting areas of MES afferents (present results) suggest that they will sample a small range of hair bundle excitation axes and therefore may monitor the direction of head tilt with high spatial resolution.
Data from other species are consistent with the suggestion that the MES monitors head posture. Bullfrog type B hair cells closely resemble MES hair cells in turtle, and they dominate the bullfrog MES (Lewis and Li 1975) . Their responses to injected current and slow adaptation suggest that they may monitor head tilt (Baird 1994a (Baird , 1994b . These hair cells are innervated by tonic afferents that, as in turtle, have smalldiameter axons (Baird and Lewis 1986) . In mammals, extrastriolar afferents show relatively tonic responses to head tilts (compared with striolar afferents), and these afferent differences depend, inter alia, on differences in the properties of their presynaptic hair cells (reviews: Eatock and Songer 2011; Goldberg et al. 2012; Lysakowski and Goldberg 2004) .
Striola. Hair bundle structure and mechanics suggest that turtle striola is well suited to encode high-frequency head transients and/or the onset of head movement. Striolar hair bundles have short kinocilia and low KS ratios, suggesting that they will have a short operating range (see discussion in . They also present a broad, steeply sloped face to Hair cell density (hair cells/m 2 ) is calculated from Fig. 11 with an additional 25% correction (decrease in area used to calculate hair cell density) to equalize shrinkage for hair cell counts and afferent reconstructions. Collecting areas and number of boutons are medians from Neurolucida reconstructions. Hair cells per afferent (hair cell density ϫ collecting area) is the estimated number of hair cells that fall within the median afferent collecting area in each zone. Boutons per hair cell (number of boutons/hair cells per afferent) is the estimated number of bouton contacts made by an afferent on each hair cell within its collecting area. . Numbers in parentheses represent the average number of hair cells per zone in each region of the macula. Note that these density numbers are lower than those in Table 7 because macular area in this histogram is not corrected for shrinkage as it is in Table 7 (see legend of Table 7 ).
endolymph flow caused by OM displacement (Rowe and Peterson 2006; Severinsen et al. 2003; Xue and Peterson 2006) , and our models suggest that this produces near-total MET channel opening with 100-nm bundle displacement (compared with MES bundles, which require 500-nm displacement; Nam et al. 2005) . Both of these features will tend to generate maximal transduction currents at head movement onset and help striolar hair cells encode high-frequency stimuli. Our present results suggest that these fast signals are relayed to the CNS over the largest-diameter (presumably fastest conducting) axons supplying the macula. Hair cell and afferent data from other species also support the suggestion that the striola is specialized for encoding fast, phasic head movements including frog (Baird 1994a (Baird , 1994b Baird and Lewis 1986 ) and rodents (Goldberg et al. 1990b; Songer and Eatock 2013; reviews: Dimiccoli et al. 2013; Eatock and Songer 2011; Goldberg et al. 2012; Lysakowski and Goldberg 2004) . C units (all-calyx afferents) are confined to the striola in all species for which data are available (rodents: Desai et al. 2005; Fernandez et al. 1990; pigeon: Si et al. 2003; turtle: present results) . Three features of C units suggest that they may provide especially accurate information about head movement direction. First, their small collecting areas sample a limited range of hair cell excitation angles. Second, their tendency to form complex calyces means that individual C units will tend to average out local irregularities in hair cell directional preferences and so reduce the noise in signals about head movement direction. Finally, individual type I hair cells provide inputs to only one C unit, which reduces redundancy and increases statistical independence in C unit signals to the CNS and so increases the coding efficiency of the C unit ensemble (Schwartz and Simoncelli 2001) .
The significance of striolar Zone 2 is unclear. A similar striolar band of type II hair cells is present in birds (Jorgensen 1989; Jorgensen and Anderson 1973; Rosenhall 1970; Si et al. 2003) and, based on bundle structure, in bullfrog (Baird 1994a (Baird , 1994b but not in mammals. B units in Zone 2 resemble B units supplying the torus region in turtle posterior canal (BT units; Brichta and Goldberg 2000a) . Both often have thick processes, their axon diameters are comparable to those of CD units and larger than those of other B units, and they are immunoreactive to CR (Brichta and Goldberg 2000a; Brichta and Peterson 1994; Desai et al. 2005; Miller et al. 2009; Monk and Peterson 1995) . Response-intensity functions of BT units suggest that they have a narrow operating range and thus may be well suited to detect small postural adjustments of the head (Brichta and Goldberg 2000b) . Interestingly, hair bundle structure and mechanics predict that Zone 2 hair cells will have a shorter operating range than any other macular hair cells , suggesting that B units in utricular Zone 2 may play a role similar to that suggested for canal BT units.
